due to nonbridging oxygens (NBO's) associated with the latter. Alkali ions are thought to occupy two types of sites: those of modifiers, which break up the network and create NBO's bonded to Si atomsand those of charge compensators for AlO4-tetrahedra which maintain local charge neutrality. Thus, starting with an alkali silicate glass and systematically increasing the ratio of Al/R, BO's are created with the concurrent elimination of NBO's up to the equivalence point, Al/R=l.O. At the equivalence point, ~~0 ' s no longer exist and all tetrahedral centers are fully connected through BO's in a continuous random network.
For alkali aluminosilicate glasses, one reasonably expects the compositional dependences of many physical properties to be strongly correlated with variations in the fraction of NBO's, fNBO. A large body of published data supports the classical model by showing that a maximum, minimum, or inflection in a physical property, measured in a series of glasses as a function of Al/R, occurs at Al/R=l.O-1.2 11-71. Although some results suggest the presence of octahedrally coordinated A1 at small Al/R /8,9/ and of NBO's for Al/R >1.0 /5,6/, they have nonetheless supported the traditional view that NBO's are present for all Al/R<l.O.
X-ray photoelectron spectroscopy (XPS) has attracted considerable attention from glass scientists in recent years 110-171 due to its potential as an analytical method comparable to X-ray diffraction, nuclear magnetic resonance, Raman spectroscopy, etc. for elucidating glass structure. In principle, the sensitivity of U S to differences in chemical environment among oxygen atoms in oxide glasses enables the structural role of NBO's to be investigated quantitatively by analysis of the 01s core level. In practice, however, experimental problems inherent with the XPS technique can preclude a reliable analysis. An effective sampling depth 10 nm for silicates requires the near surface region analyzed in XPS to have a structural and chemical integrity closely approaching that of the bulk. Static and differential charging of insulating samples can often obscure underlying energetic and structural relationships of interest. Unless these difficulties are overcome by appropriate methods of sample preparation and charging compensation, spurious features can be introduced or intrinsic features suppressed in photoelectron spectra nominally indicative of bulk phenomena.
Although measurements of fNBO for binary Na silicate (NS) glasses by XPS 110-131 have agreed well with theory (especially for Na20 $ 30 mol %), previous determinations of fNBO for Na aluminosilicate (NAS) glasses indicated in Figure 1 have been controvers~al. Briickner et a1 110, 141 and Smets and Lommen 1151 concluded that fNBO+ 0 at Al/Na 'L 0.7 rather than at Al/Na = 1.0. They proposed a different structural model in which some ~1 0~3 octahedra form at AllNa < 1.0 and eliminate additional NBO's in accordance with the constraint oflocal charge neutrality. Kaneko et a1 1161 re-examined glasses along the series of Bruckner et al, and reported similar trends in f NBO. In contrast, Lam et a1 1171 claimed that fNBO is independent of the Al/Na ratlo such that ~10~-' tetrahedra are charge compensated by a transfer of electronic charge density from ~a + ions to the aluminosilicate network without destruction of NBO's.
The motivation for the present XPS study of NAS glasses derived partly from the observation that none of the structural models generated by earlier XPS results can satisfactorily explain the changes in physical properties observed at A1INa-i.O. Furthermore, the findings of a new optical luminescence investigation 1181 of TI+ doped NAS glasses strongly supported the classical model. In order to resolve these discrepancies, four series of glasses in the NAS ternary system were selected for analysis by XPS as shown in Figure 1 . This paper restricts itself primarily to a description of the results for glasses with Al/Na (1.0 in the series with constant optical basicity (A=G.57) and in a series similar to that of Briickner et a1 (mole fraction of Si02, X .=0.67). A full account of this work will be published elsewhere. Sl
PREVIOUS XPS STUDIES OF NAS GLASSES:
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(1-X)(0.25 Na20-0.75 Si02).XA1203: Lam et al. (1980) 6. Constant Optical Bacisity (A = 0.57) 3. 0.2 Na20.XA1203.(0.8-X)Si02: Srnets et al. (1981) 7. (0.33-X) Na20-XAI2O3.0.67 Si02 4. (0.33-X) Na2O.XAI2O3-0.67Si02: Kaneko et al. (1983) 8. X Na20. XA1203.
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F i g . 1 -NAS g l a s s compositions f o r XPS s t u d i e s . S o l i d s q u a r e s i n d i c a t e b a t c h
compositions f o r p r e s e n t work.
EXPERIMENTAL PROCEDURES
G l a s s samples were batched u s i n g 99.999% p u r e Na2C03,NaA102, A1203, and Si02. Samples were m e l t e d i n a P t c r u c i b l e covered w i t h a P t l i d f o r 5-30 h r s a t 1400-163O0C, t r a n s f e r r e d t o a f u r n a c e a t llOO°C, and cooled s l o w l y t o room temp e r a t u r e . The NAS g l a s s e s w i t h A=0.57 examined i n t h i s s t u d y a r e analogous t o a s e r i e s used i n t h e luminescence work /18/ b u t were p r e p a r e d w i t h o u t TI+ doping. Hydroscopic samples were s t o r e d i n a d r y box and c u t i n kerosene.
Each of t h e g l a s s e s was c u t i n t o s e v e r a l f r a c t u r e b a r s 4 x 4~2 0 mm. A l l g l a s s e s were chemically analyzed by ICP s p e c t r o s c o p y a n d / o r X-ray f l u o r e s c e n c e .
*
The XPS d a t a were o b t a i n e d w i t h a P h y s i c a l E l e c t r o n i c s 548 s p e c t r o m e t e r equipped w i t h a MgK, X-ray s o u r c e and a c y l i n d r i c a l m i r r o r a n a l y z e r . F r a c t u r e s u r f a c e s of g l a s s b a r s broken i n t h e t e s t chamber a t a t o t a l p r e s s u r e ( 2x10-' Pa were analyzed i n s i t u . Each g l a s s composition was examined a t l e a s t twice t o ensure good r e p r o d u c i b i l i t y . The Au-dot c a l i b r a t i o n method of Stephenson and Binkowski 1191 was adapted t o t h e a n a l y s i s of f r a c t u r e s u r f a c e s a s depicted i n F i g u r e 2.
An e l e c t r o n floodgun w i t h a W f i l a m e n t p o s i t i o n e d~1 0 mm above t h e sample during a n a l y s i s s u p p l i e d a f l u x of low energy e l e c t r o n s s u f f i c i e n t t o b i a s an Au-dot, previously evaporated onto one s b ) Adaption of method t o a n a l y s i s of f r a c t u r e s u r f a c e .
f o r a n i n s u l a t o r can subsequently be referenced t o i t s ( s u r f a c e ) Fermi l e v e l through t h e Fermi l e v e l of t h e Au c a l i b r a n t . T h e s p e c i f i c d e t a i l s of t h i s procedure and c o r r o b o r a t i n g experiments w i l l b e published elsewhere. I n a d d i t i o n t o e s t a b l i s h i n g a n a c c u r a t e binding energy r e f e r e n c e , t h i s technique a l s o g r e a t l y reduces spurious s p e c t r a l f e a t u r e s caused by d i f f e r e n t i a l charging a c r o s s t h e i n s u l a t o r s u r f a c e .
The o u t p u t s i g n a l from t h e spectrometer was d i g i t i z e d and d a t a a c q u i s i t i o n was automated using a mini-computer c o n t r o l l e d by MACS ~6 ' ' software. High r e s o l u t i o n 01s s p e c t r a were obtained w i t h t h e p a s s energy of t h e e l e c t r o n energy a n a l y z e r s e t a t 25 eV and a s p e c t r a l sampling d e n s i t y of 0 . 1 evlchannel.
The d a t a were s i g n a l averaged u n t i l a high s i g n a l t o n o i s e r a t i o was a t t a i n e d . Refinement of s p e c t r a was f a c i l i t a t e d by a p p r o p r i a t e deconvolution, smoothing, and background s u b r a c t i o n r o u t i n e s p r i o r t o a curve f i t t i n g a n a l y s i s .

RESULTS AND DISCUSSION
I n e a r l i e r a n a l y s e s of XPS r e s u l t s 110, 14,151 i t was assumed t h a t t h e r e a r e only two types of oxygen p r e s e n t , BO and NBO. As can be seen i n t h e composite 01s s p e c t r a of Figure 3 t h e i n t e n s i t y of t h e NBO peak ( i . e . , t h e component w i t h t h e lowest binding energy) decreases up t o Al/Na=l. Also, t h e "BO peak" broadens and s h i f t s t o lower energy a s Al/Na i n c r e a s e s . S i m i l a r t r e n d s were found f o r t h e s e r i e s of NAS g l a s s e s w i t h XSi=0.67. This behavior has been observed b e f o r e 115-171, but i t s s i g n i f i c a n c e was not f u l l y a p p r e c i a t e d . B e t t e r i n s i g h t i n t o t h e g l a s s s t r u c t u r e can be r e a l i z e d i f one hypothesizes t h a t t h e "BO peak" i s complex and can b e resolved i n t o two components: Si-0-Si (B01) and A1-0-Si (B02). I n our a n a l y s i s , t h e binding e n e r g i e s of t h e B01, B02, and NBO peaks were each allowed t o vary w i t h i n overlapping 3 eV windows. No c o n s t r a i n t s on i n t e n s i t y were imposed f o r any peak. However, t h e l i n e w i d t h s of t h e s e Gaussian peaks were r e q u i r e d t o be w i t h i n 0.05 eV of t h e BO and NBO l i n e w i d t h s determined f o r a s e r i e s of binary NS g l a s s e s (FWHMN 1.50 and 1.30 eV, r e s p e c t i v e l y ) given i n F i g u r e 1.
The f i t s obtained t o t h e B01, B02, and NBO component peaks f o r each of t h e 01s
s p e c t r a i n F i g u r e 3 a r e presented i n F i g u r e 4 .
P a r t i c u l a r a t t e n t i o n is c a l l e d t o t h e f a c t t h a t a s Al/Na i n c r e a s e s from zero t o u n i t y , t h e i n t e n s i t y of t h e NBO component d e c r e a s e s t o zero a t Al/Na=l whereas t h e r a t i o of i n t e n s i t i e s f o r t h e B02 and BO,lcomponents, B02/B01, s t e a d i l y i n c r e a s e s . Once a g a i n s i m i l a r t r e n d s were noted i n t h e 3-component Gaussian f i t s f o r t h e s e r i e s of NAS g l a s s e s w i t h X =0.67. S i
Within t h e experimental u n c e r t a i n t y , a =0.15 eV, t h e binding e n e r g i e s of t h e B01, B02, and NBO components remain v i r t u a l l y c o n s t a n t a s a f u n c t i o n of composition. however, t?:e r e l a t i v e changes of i n t e n s i t y among t h e s e components a s Al/Na goes from zero t o u n i t y provide a l o g i c a l i n t e r p r e t a t i o n of t h e %1.0 eV s h i f t i n t h e binding energy of "BO peak" a s Al/Na i n c r e a s e s i n F i g u r e 3 .
The q u a l i t a t i v e t r e n d s i n t h e 01s s p e c t r a f o r NAS g l a s s e s d i s c u s s e d thus f a r can be q u a n t i f i e d i n compelling support f o r t h e c l a s s i c a l s t r u c t u r a l model. Three assumptions were made i n c a l c u l a t i n g fNB (theo) and t h e r a t i o of Al-0-Si/Si-0-Si bonds, r ( t h e o ) , according t o t h e classics? model f o r A l /~a 5 1: (1) a l l A 1 atoms go i n t o t e t r a h e d r a l c o o r d i n a t i o n a s ~1 0 4 ' w i t h a n a s s o c i a t e d ~a + a c t i n g a s a charge compensator; ( 2 ) Na i n excess of A1 form NBO's bonded t o S i atoms; and (3) BO's d i r e c t l y l i n k i n g p a i r s of A1 t e t r a h e d r a ( i . e . , A1-0-A1) do n o t e x i s t , i n accordance w i t h t h e aluminum avoidance p r i n c i p l e 1201. BINDING ENERGY ( e~) Fig. 4 -01s XPS s p e c t r a showing t h e 3-component Gaussian f i t s f o r t h e s e r i e s of NAS g l a s s e s w i t h A=0.57. The sum of t h e t h r e e component peaks i s n e a r l y i n d i s t i n g u i s h a b l e from t h e a c t u a l experimental spectrum i n each c a s e .
I n F i g u r e 5, t h e ~0 2 /~0 1 i n t e g r a t e d i n t e n s i t y r a t i o s , r(XPS), f o r both s e r i e s of NAS g l a s s e s a r e w e l l c o r r e l a t e d w i t h r ( t h e o ) c a l c u l a t e d from t h e assay of each composition.
The c l o s e agreement between f N (XPS), determined d i r e c t l y from t h e i n t e g r a t e d i n t e n s i t i e s of t h e B01, 802, and ~8 8 components, and fNgo(theo), c a lc u l a t e d l f r o m t h e a s s a y e d compositions, f o r both s e r i e s of NAS g l a s s e s a s w e l l a s t h e NS g l a s s e s can be seen i n F i g u r e 6.
The experimental procedures and i n t e r p r e t a t i o n a l approach presented h e r e d i f f e r s i g n i f i c a n t l y from previous XPS i n v e s t i g a t i o n s of NAS g l a s s e s . Briickner e t a 1 /10,14/ and Smets and Lommen /15/ analyzed f r a c t u r e s u r f a c e s prepared i n u l t r a -h i g h vacuum. However, without adequate charge c o r r e c t i o n methods, they chose t o normalize t h e binding energy s c a l e f o r t h e i r r e s p e c t i v e 01s s p e c t r a . Kaneko e t a 1 /16/ and Lam e t a 1 1171 d i d not analyze f r a c t u r e s u r f a c e s . Briickner e t a 1 and met;
and Lommen decided t o f i t t h e i r 01s s p e c t r a w i t h two e s s e n t i a l l y unconstrained (and t h e r e f o r e broad) Gaussian peaks, one f o r BO's and t h e o t h e r f o r NBO's. Pursuing a n o t h e r type of a n a l y s i s , b u t one having s i m i l i a r l i m i t a t i o n s , Lam e t a 1 based t h e i r conclusions on t r e n d s i n d i f f e r e n c e s p e c t r a .
Thus, d i f f e r e n t methods of sample p r e p a r a t i o n o r d i f f e r e n t assumptions about what f e a t u r e s of XPS s p e c t r a a r e important can l e a d t o r a d i c a l l y c o n f l i c t i n g conclusions regarding t h e s t r u c t u r e of NAS g l a s s e s . However, t h e c l a s s i c a l model f o r s t r u c t u r e , s t r o n g l y supported by t h i s e x t e n s i v e i n v e s t i g a t i o n , provides t h e e x p l a n a t i o n most c o n s i s t e n t w i t h t h e v a r i a t i o n i n p h y s i c a l p r o p e r t i e s a t A11NaNl.O. IV. CONCLUSIONS 1. 01s spectra for NAS glasses with Al/Na < 1 are generally comprised of three components: BOl(Si-0-Si), B02(A1-0-Si), and NBO(Si-0-Na).
2. Relative intensities of the B01, B02, and NBO components are directly related to glass composition.
3. The present XPS analysis strongly supports the classical model for NAS glasses, consistent with new optical luminescence results /18/.
4. The validity of XPS for quantitative structural investigations of complex (ternary) glass systems is affirmed.
